Transmission spectroscopy facilitates the detection of molecules and/or clouds in the atmospheres of exoplanets. Such studies rely heavily on space-based or large ground-based observatories, as one needs to perform timeresolved, high signal-to-noise spectroscopy. The FORS2 instrument at ESO's Very Large Telescope is the obvious choice for performing such studies, and was indeed pioneering the field in 2010. After that, however, it was shown to suffer from systematic errors caused by the Longitudinal Atmospheric Dispersion Corrector (LADC). This was successfully addressed, leading to a renewed interest for this instrument as shown by the number of proposals submitted to perform transmission spectroscopy of exoplanets. We present here the context, the problem and how we solved it, as well as the recent results obtained. We finish by providing tips for an optimum strategy to do transmission spectroscopy with FORS2, in the hope that FORS2 may become the instrument of choice for ground-based transmission spectroscopy of exoplanets.
Luckily, the most numerous known exoplanets -transiting ones -are also those that, potentially, would allow us to get the most detailed information about planetary atmospheres. According to the exoplanet.eu online catalogue, at the time of writing, there are 2 619 transiting planets distributed among 1 953 planetary systems. These planets have orbital periods between 1.3 hours and 10 years, and radii between 0.0276 and 2.1 times the radius of Jupiter (R Jup ). The distribution of some of the most important parameters are shown in Fig. 1 . Of course, not all of these have been characterised well enough. TEPCat * quotes 540 well-studied transiting planets, for which the planetary and stellar properties are well known. As a planet crosses the disc of its host star, along the line of sight, the received radiation is diminished as a function of the planet to star disc size ratios, δ = (R p /R ) 2 . During a planetary transit, some of the light from the host star goes through the planet's atmosphere before reaching us. When observed at different wavelengths, the transit depth, directly linked to the apparent planetary radius, may vary, providing constraints on the height of the atmosphere, the chemical composition and the existence of cloud layers (see Ref. 9 for a recent review). This is due to the discrete absorptions by the atmospheric gases of the planet. The ability to measure the planet size precisely at the particular wavelengths corresponding to those previously mentioned absorptions (the "transmission spectrum" or "radius spectrum") allows one to infer the presence of various molecules. Until now, water, sodium, potassium and hazes, as well as the presence of clouds, have been identified by this challenging technique. The signal associated with such variations is calculated as ∆δ= 2A H HRp/R 2 , where A H is the scale height number (typically between 1 and 10) and H(= k B T µ mol g ) is the atmospheric scale height † . As H is much smaller than R p (typically by one or two orders of magnitude), this effect is clearly tiny -much smaller than the faint dimming due to the transit itself -and requires uttermost precision. It is also limited to the planets orbiting close to their host star, as in order to have H reasonably large, one needs the temperature to be high enough. In Fig. 2 , we show the corresponding value of ∆δ as a function of the visual magnitude of the host star for all planets from TEPCat for which there exists an estimate of the temperature. To achieve the level of accuracy needed for such studies, while at the same time retaining enough spectral resolution, one needs to collect a large number of photons per wavelength bin. This can only be achieved with space telescopes -Spitzer and the Hubble Space Telescope have produced most results -or the largest groundbased telescopes. Among the latest of the HST results is the comparative study 28 of ten hot Jupiters over the wavelength range from 300 nm to 5 µm that reveals a continuum from clear to cloudy atmospheres, with clouds and hazes being the cause of weaker spectral signatures.
Because time on space telescopes is a scarce resource, it is important to ensure that ground-based facilities are also able to fulfill the necessary requirements ‡ . Moreover, future spaced-based observatories will focus on the infrared, such that ground-based instrumentation will be the only way to probe the optical transmission spectra of exoplanets -a crucial wavelength regime to understand the physics of exoplanet atmospheres, in particular to determine the mean molecular weight of the atmosphere and atmospheric scale height from measuring the Rayleigh scattering slope. Several results have been obtained in this respect, summarised § in Table 1 , which clearly reveals that most large ground-based facilities have been used to perform transmission spectroscopy, but this has required -or still requires -understanding the systematic effects that plague such measurements. As an example, with GMOS, Huitson et al. 13 report photometric precisions per spectral bin of 200-600 ppm. At ESO, in the optical range, the only available instrument for this purpose is the FOcal Reducer and lowdispersion Spectrograph (FORS2) attached to the 8.2-m Unit Telescope 1 (UT1). As seen in Table 1 , after some pioneering work done by J. Bean and colleagues in 2010 and 2011, no other results based on this instrument appeared before our own study in 2015. 25 We will come back to this later, after introducing in more detail the instrument.
THE FORS2 INSTRUMENT
With its variety of modes, FORS2 is the Swiss army knife of ESO's Very Large Telescope.
1, 24 FORS2 is indeed capable of imaging, polarimetry, long-slit low and medium resolution spectroscopy and multi-object spectroscopy, using either movable slitlets or masks, in the wavelength range from 330 to 1 100 nm. The last mode is particularly useful for transmission spectroscopy, as it can be used to do time-resolved spectroscopy of a planet-hosting star as well as some comparison stars for performing differential spectrophotometry. The field of view of FORS2 is 6.8 × 6.8 and the pixel size is 0.25 (when using the typical 2×2 binning).
At the beginning of the VLT operations, there were two FORS instruments -FORS1 and FORS2. In order to leave space for second generation instruments at the VLT, FORS1 was dismounted and stored in 2009, with some of its components being merged in a 'new', hybrid FORS2.
In front of the FORS instruments is a longitudinal atmospheric dispersion corrector (LADC), allowing it, unlike VIMOS for example, to perform multi-object spectroscopy (that requires a fixed rotator angle on sky, and can thus not be done at the parallactic angle) at high airmass. The design of the FORS2 LADC consists of two prisms of opposite orientation that are moved linearly with respect to each other, between 30 mm (park position) and 1100 mm. The forward prism does the dispersion correction, while the second prism corrects the pupil tilt, so that what remains is a variable image shift depending on the distance between the two prisms. Bean et al. 3 have shown the potential of FORS2 in producing transmission spectra for exoplanets even in the regime of mini-Neptune and super-Earth. They used FORS2 to obtain the transmission spectrum of GJ 1214b between wavelengths of 780 and 1 000 nm, showing that the lack of features in this spectrum rules out cloud-free atmospheres composed primarily of hydrogen. This result was recently confirmed. 15 However, except for this ground-based pioneering result, all further attempts to use FORS2 for exoplanet transit studies have apparently Seems like they missed the actual target in their mask design!! Figure 3 . An unfortunate case where no useful data could be obtained. In this case, the instrument is not to blame, as it seems that the observer forgot to do pre-imaging, and possibly underestimated the proper motion of the target (indicated by the arrow), and so did not centre precisely enough the (wide) slits. The upper image is the acquisition image, while the lower one is the through-slit image. failed. A questionnaire sent to the PIs of these programmes made it clear that in many cases the data obtained were affected by large systematics that prevented its use for transmission spectroscopy.
We have looked into the FORS2 archive for these data and analysed them. Although in some cases, the fault may lie in the fact that this is a rather new technique and users needed to gain experience in developing the best strategy, or needed to better prepare the observations (with the most extreme case being shown in Fig. 3 ), our analyses indeed reveal a high level of systematics as shown in Fig. 4 . Not all datasets seem to have been affected, though, as shown by the recent analysis 16 of a dataset obtained during this period.
Moehler et al. 19 studied the twilight flat fields obtained with the two FORS instruments and found structures that rotated with the field rotator (see the top panels of Fig. 5 ) -structures that had a significant impact on photometric measurements. These authors concluded that the origin of these structures was the LADC and, more precisely, the degradation of the antireflective coatings of the prisms that form the LADC. It is these same structures that are most likely the cause of the systematics seen in the transmission spectra, as also reported by Berta et al. 6 To address this, the prisms of the FORS2 LADC were exchanged with the ones of FORS1, after having removed their coating, which was also degraded. A battery of tests were performed to ensure the exchanged prisms did not affect adversely the image quality of the instrument. The tests also confirmed that the LADC was still efficient at correcting the atmospheric dispersion up to an airmass of 1.6 (see Ref. 7 , which explains in detail the tests and results and shows the resulting improvements). This led to a clear reduction of the systematics as seen in the FORS2 sky flats, collected over many months. 8 As shown in Fig. 5 , the small-scale structures clearly visible in the old data are gone, leaving only a gradient across the field. After the prism exchange, several transits of the hot Jupiter WASP-19b were observed and a transmission spectrum obtained over a wide wavelength range [25] [26] [27] (see Fig. 6 ). The resulting spectrum, consistent over several transits and when using different grisms, indicate that the systematics that affected FORS2 have been significantly reduced and that residuals at the level of 200 ppm can now be obtained, an order of magnitude improvement compared to some of the datasets obtained before the prism exchange. These residuals can still be reduced depending on the target, the atmospheric conditions and an adequate observing strategy. One can thus hope that FORS2 is back in business for transmission spectroscopy and in the next and final section we provide hints for the best strategy to perform such measurements.
STRATEGY FOR TRANSMISSION SPECTROSCOPY WITH FORS2
Based on our experience and tests, we have now been able to define the best possible strategy to perform transmission spectroscopy with FORS2. We assume that most of these points should also apply to other groundbased multi-object spectrographs. We encourage future users of FORS2 to follow these points when devising their observations.
• Put the target and reference stars as much as possible in the middle of the CCD. The wavelength coverage depends on the horizontal position of the object on the CCD. To guarantee the widest coverage and the best overlap between the target and the references, they should be placed in the middle of the CCD. This is easily done if there is only one reference star, by changing the position angle on sky. This fact should actually dictate, among others mentioned below, which reference stars are taken.
• Use stars of similar magnitudes, as this allows a better comparison, without loss of S/N. This also ensures that the exposure time is not driven by one of the stars only, and therefore also guarantees that the flux of all stars will be similar. This is critical to mitigate any possible non-linearity effects of the CCD.
• Use stars of similar colours, so as to have similar spectra to compare to, especially for the broad-band light curve ¶ . It is therefore useful to do pre-imaging of the field through several filters to establish the best possible comparison stars (this would also make sure that any high proper-motion of the target is correctly handled when making the masks), unless the colours of all stars are already available in catalogues.
• The maximum pixel intensity of the brightest object should have at least 40 000 ADUs. The FORS2 CCDs are linear up to the saturation limit, 65 000 ADUs, but it is safer not to go too close to this limit.
• Constantly check the counts on the raw spectra and, if needed, adjust the exposure time , especially if there are significant changes in airmass.
• Try not to change any parameters during the whole sequence (except, if needed, the exposure time -see above), and make sure there is enough telescope tracking time for the whole sequence as well as enough number of exposures to cover the full duration.
• Use a very long out-of-transit baseline, before and after the transit, and if possible do simultaneous photometry to monitor any stellar activity and the presence of stellar spots -preferably in a filter matching the wavelength range of the spectroscopic observations.
• If possible (that is, from a scheduling point of view and if the transit is short enough), try to avoid observing through the meridian, i.e. observe the full sequence before or after the meridian. Going through the meridian implies the largest field rotation and this seems to lead to additional systematics in some cases.
• Use the 200 kHz, 2×2, low read-out mode as this will shorten the read-out time, and thanks to the low gain, allows increasing the exposure time before reaching the saturation limit. This thus helps to reduce the overheads and increase the time resolution of the observations, as well as increase the S/N obtained on a single spectrum.
• Observations should be done under clear conditions. If the atmosphere is not very stable, with thin (or thick!) clouds passing, it may be better to abort the observations and give back the telescope than to waste valuable telescope time for useless data.
• Although this has not been characterised yet when used for transmission spectroscopy, for very bright targets it can be useful to consider using the "Virtual Slit", which uses the active optics of the telescope to spread the light in the y−direction (i.e. perpendicular to the wavelength dispersion) onto up to 6 (that is, up to 24 binned pixels). This allows for longer integration times -allowing to observe bright targets without too much dead-time, and is the almost equivalent to defocusing (but not similar, and in one direction only) that is used in photometry.
• Use wide enough slits, i.e. equal or larger than 15 . This ensures that there are no slit losses, but also that in case there is a faint companion to your target or comparison stars, it also always stays in the slit. Obviously, this implies that the spectral resolution will then be determined by the image quality, typically 0.8-1 .
• Use long enough slits to make sure to have enough sky to correct the spectra, but it is advisable to also put one or two slits on an empty sky (on both chips), to have a good estimate of the sky contamination for each exposure. This should also be as aligned as possible to the science targets.
• Put the LADC in park position (30 mm) and in simulation during the whole observation. This allows minimising any systematics coming from the LADC, i.e. any additional moving parts. This means, however, that the differential refraction is not corrected, but as the slits are long and wide, this should not imply slit losses.
• Make sure to have also made a mask with narrow slits (0.4-1 ), to be used for taking wavelength calibrations, as those done with the wide slits will be useless (e.g., won't be accepted by the FORS2 pipeline). Ask for more than one wavelength calibration frames (3 or 5).
• Take enough spectroscopic flats (7 is the standard number from the calibration plan, but you may wish to ask for 20 or more) with both masks, if possible before and after the observations.
• Assess in real time the quality of the observations, and derive the broadband differential light curve as the observations progress * * . This would give a clear indication if something needs to be changed in the experimental setup.
Clear skies!
